INTRODUCTION
============

Glucosinolates are secondary sulfur compounds commonly found in relatively high levels in shoots, roots, and seeds of Brassicaceae and may account for up to 20% of the organic sulfur fraction ([@B55], [@B56]; [@B30]; [@B15]; [@B39]; [@B17]; [@B24]). These secondary sulfur compounds are responsible for the spicy flavor of many species of the Brassicaceae, e.g., mustard and radish ([@B55], [@B56]). Glucosinolates are derived from amino acids and have a core structure consisting of a β-[D]{.smallcaps}-glucopyranose residue linked to a (*Z*)-*N*-hydroximino sulfate ester via a sulfur atom and a variable side chain ([@B39]). On the basis of their precursor amino acids, specific aliphatic, indolyl, and aromatic glucosinolates can be distinguished, and furthermore *Brassica* species differ strongly in content and composition of these glucosinolates ([@B15]; [@B39]).

The glucosinolate content may be affected by the sulfur nutritional status of the plant; supplemental sulfur fertilization of Brassica in greenhouse and field experiments resulted in an up to a 20-fold increase in glucosinolate content in foliar tissues ([@B31]). However, the impact of sulfur fertilization on glucosinolate content varied strongly between plant species, growth stage and organs, and the rate of sulfur supplied ([@B45]; [@B15]; [@B31]; [@B3]). For instance, in some cultivars of broccoli, sulfur fertilization only resulted in an increase in glucosinolate content in the heads, whereas in other cultivars it had no effect or even resulted a lower glucosinolate content ([@B31]).

Upon cellular injury, glucosinolates are enzymatically degraded by myrosinase (a thioglucosidase), resulting in a variety of breakdown products, including glucose, sulfate, and depending on specific chemical structure, isothiocyanates, nitriles, epithionitriles, oxazolidinethions, indolyl alcohols, thiocyanate, and amines ([@B32]; [@B38]; [@B7]; [@B39]; [@B46]; [@B47]; [@B1]). It is presumed that both glucosinolates and their breakdown products may play a role in the defense of plants against microorganisms, fungi, and insects ([@B29]; [@B6]; [@B1]). Moreover, glucosinolates are presumed to have a sulfur storage role in plants and their degradation by myrosinase might have significance in the re-distribution of sulfur in plants under sulfur-deprived conditions ([@B55]; [@B42], [@B41]; [@B5]; [@B31]).

In addition to sulfate taken up by the roots, plants are able to utilize foliarly absorbed sulfur gases as a supplemental sulfur source for growth ([@B19], [@B18], [@B17]). For instance, continuous exposure of Brassica to atmospheric H~2~S or SO~2~ levels of ≥0.2 μl l^-1^ was sufficient to cover the organic sulfur requirement to maintain growth in the absence of sulfate in the root environment ([@B20], [@B21]; [@B68],[@B69]; [@B49]). In the current study, the impacts of sulfur nutrition (atmospheric and pedospheric) on the glucosinolate content and the transcript levels and activity of myrosinase were studied in seedlings of two Brassica species, which are characterized by a high (*Brassica juncea*, mustard greens) and low (*B. rapa*, mustard spinach) glucosinolate content. The aim of the study was to gain insight into the significance of glucosinolates in sulfur storage and the role of myrosinase in the re-distribution of sulfur in sulfate-deprived plants.

MATERIALS AND METHODS {#s1}
=====================

PLANT MATERIAL AND H~2~S AND SO~2~ EXPOSURE
-------------------------------------------

Seeds of *B. juncea* cv. Rugosa and *B. rapa* cv. Komatsuna; Van der Wal, Hoogeveen, The Netherlands) were germinated in vermiculite in a climate-controlled room. Day and night temperatures were 22 and 18°C (±1°C), respectively, relative humidity was 60--70%. The photoperiod was 14 h at a photon fluence rate of 300 ± 20 μmol m^-2^ s^-1^ (400--700 nm) at plant height, supplied by Philips GreenPower LED (deep red/white 120) production modules. Ten day-old seedlings were transferred to an aerated 25% Hoagland nutrient solution at 0.5 mM sulfate for 3 days and subsequently transferred to fresh Hoagland nutrient solution at 0 mM sulfate (-S, sulfate-deprived) or 0.5 mM sulfate (+S, sulfate-sufficient) in 13 l stainless steel containers (10 sets of plants per container; three plants per set). Plants were exposed to 0.25 μl l^-1^ H~2~S or SO~2~ for 7 days in 150 l cylindrical stainless steel cabinets (0.6 m diameter) with a polymethyl methacrylate top. Sealing of the lid of the container and plant sets prevented absorption of atmospheric H~2~S or SO~2~ by the solution. Day and night temperatures were 24 and 20°C (±2°C), respectively, and relative humidity was 40--50%. The photoperiod was 14 h at a photon fluence rate of 300 ± 20 μmol m^-2^ s^-1^ (400--700 nm) at plant height, supplied by Philips GreenPower LED (deep red/white 120) production modules. The temperature inside the cabinets was controlled by adjusting the cabinet wall temperature. The air exchange was 40 l min^-1^ and the air inside the cabinets was stirred continuously by a ventilator. Pressurized H~2~S and SO~2~ diluted with N~2~ (1 ml l^-1^) was injected into the incoming air stream and their concentration in the cabinet was adjusted to the desired level using electronic mass flow controllers (ASM, Bilthoven, The Netherlands). The sulfur gas level in the cabinets was monitored by an SO~2~ analyzer (model 9850) equipped with a H~2~S converter (model 8770; Monitor Labs, Measurement Controls Corporation, Englewood, CO, USA). Plants were harvested 3 h after the onset of the light period and the roots were rinsed in ice-cold demineralized water (for 3 × 20 s). Roots were separated from the shoots, weighed, and for glucosinolate, myrosinase activity and RNA isolation, plant material was frozen immediately in liquid N~2~ and stored at -80°C. For analysis of dry matter, sulfate, and total sulfur, plant tissue was dried at 80°C for 24 h.

TOTAL SULFUR AND SULFATE CONTENT
--------------------------------

The total sulfur content was analyzed using a modification of the method as described by [@B44]. Dried shoots and roots were pulverized in a Retsch Mixer-Mill (Retsch type MM2; Haan, Germany) and 50--150 mg of the samples was weighed into porcelain ashing trays. A 50% Mg(NO~3~)~2~ ⋅ 6H~2~O (w/v) solution was added until saturation of the material, and was dried overnight in an oven at 100°C. Subsequently, the samples were ashed in an oven at 650°C for 12 h. The residues were dissolved in 5 or 10 ml of 20% aqua regia (50 ml conc. HNO~3~ and 150 ml conc. HCl in 1 l demineralized water) and quantitatively transferred to a volumetric flask and made up to 50 or 100 ml with demineralized water. One SulphaVer® 4 Reagent Powder Pillow (HACH, Permachem® reagents, Loveland, USA) containing BaCl~2~ was added to 10 or 25 ml of extract, and the turbidity was measured with a spectrophotometer (HACH DR/400V, Loveland, CO, USA) at 450 nm. For measurement of the sulfate content, pulverized dried plant material was incubated for 3--4 h in demineralized water (10 mg/ml) at 50°C ([@B59]; [@B68],[@B69]) and centrifuged at 30,000 *g* for 15 min. Anions were separated by HPLC on an Agilent IonoSpher 5A anion exchange column (250 × 4.6 mm; Agilent Technologies, Amstelveen, The Netherlands) and sulfate content was determined refractometrically according to [@B51]. The HPLC system consisted of a Knauer HPLC pump model 100 and a Knauer differential refractometer model 98.00 (Knauer, Berlin, Germany). The mobile phase contained 25 mM potassium biphthalate (pH 4.3) with 0.02% NaN~3~ (w/v). There were no significant differences in sulfate content determined in dried and fresh plant material of *B. juncea* and *B. rapa*. This indicated that there was no increase in sulfate content in dried plant material caused by the degradation of glucosinolates. The organic sulfur content was calculated by subtracting the sulfate content from the total sulfur content determined in the same tissue sample.

GLUCOSINOLATE CONTENT
---------------------

The glucosinolates were extracted and determined according to a modified method of [@B40] and [@B52]. Frozen plant material was freeze-dried in a LyoLAB 3000 freeze drier (Heto-Holten A/S, Allerød, Denmark) for 3 days. Freeze-dried plant samples were pulverized in a Retsch Mixer-Mill (Retsch type MM2; Haan, Germany). The glucosinolates were extracted in boiling 90% methanol (50 mg in 3 ml) for 2 min. The extract was centrifuged for 2 min at 2,500 *g* and the residue was re-extracted twice with 3 ml boiling 70% methanol. Total glucosinolate content was determined based on its reaction with sodium tetrachloropalladate II (Na~2~PdCl~4~; [@B37]; [@B43]). The reaction mixture containing 60 μl extract and 1800 μl 2 mM Na~2~PdCl~4~ was incubated at 20°C for 30 min and the absorbance of the developed color measured colorimetrically at 450 nm ([@B60]). Sinigrin (Sigma--Aldrich, S1647) was used as an internal standard for all samples (13 μmol per extracts) and data were corrected for recovery rate (always higher than 80%).

MYROSINASE ACTIVITY
-------------------

The myrosinase activity was determined by the photometric quantification of released glucose with sinigrin (2-propenyl glucosinolate, S1647, Sigma--Aldrich) as substrate, as described by [@B61]. Frozen plant material was homogenized in 200 mM Tris-HCl, 10 mM EDTA, pH 7.0 (1 g fresh weight per 5 ml) at 0°C with an Ultra Turrax (T25, IKA Werke, Staufen, Germany) and filtered through one layer of Miracloth. The filtered extract was centrifuged at 16,000 *g* at 4°C for 15 min. The reaction mixture contained a final volume one ml, 150 μl supernatant and 1 mM sinigrin and was incubated at 25°C for 30 min. The reaction was stopped by incubating the reaction mixtures at 100°C for 10 min. Subsequently the reaction mixtures were centrifuged at 10,000 *g* at room temperature for 10 min and the content of glucose in the supernatant was determined by using an enzymatic glucose assay kit (Sigma--Aldrich). The soluble protein content was determined by the method of [@B11] using bovine serum albumin as a standard.

RNA EXTRACTION AND REAL-TIME QUANTITATIVE PCR OF MYROSINASE
-----------------------------------------------------------

Total RNA was isolated by a modified hot phenol method ([@B63]). Frozen ground plant material was extracted in hot (80°C) phenol/extraction buffer (1:1, v/v), 1 g ml^-1^. The extraction buffer contained 0.1 M Tris-HCl, 0.1 M LiCl, 1% SDS (w/v), 10 mM EDTA, pH 8.0). After mixing, 0.5 ml of chloroform--isoamyl alcohol (24:1, v/v) was added. After centrifugation (13,400 *g*) for 5 min at 4°C, the aqueous phases were transferred to new tube. After adding an equal volume of chloroform and isoamyl alcohol, the total RNA was precipitated by 4 M LiCl overnight at 4°C. Total RNA was collected and washed with 70% ethanol. Possible genomic DNA contamination was removed with a DNase treatment step (Promega, USA). Phenol--chloroform--isoamyl alcohol and chloroform--isoamyl alcohol were used for further purification and total RNA was precipitated by ethanol and dissolved in diethylpyrocarbonate-treated water. The quantity and quality of RNA was checked using ThermoNanoDrop 2000 and RNA in each was adjusted to the same concentration. The integrity of RNA was checked by electrophoresis by loading 1 μg RNA on a 1% TAE-agarose gel.

DNA-free intact RNA (1 μg) was reverse transcribed into cDNA with oligo-dT primers using a first strand cDNA synthesis kit (Promega, USA) according to the manufacture-supplied instructions. Subsequently, the cDNA was used as a template in real-time PCR experiments with gene-specific primers. To design primers, the full length complementary DNA of the *Arabidopsis* genes, actin (reference gene) and myrosinase (TGG1 and TGG2), which are mostly expressed in the shoot ([@B2]), were used to query homologous *B. juncea* and *B. rapa* sequences. Expressed sequence tags (ESTs) were obtained from the publically available platform at NCBI. The primer sequences used for myrosinase and actin were (F 5′-CCGGTCGATGTTCTCCTAT-3′, R 5′-GAAGAATTTCCACCGTAACAC-3′) and (F 5′-AGCAGCATGAAGATCAAGGT-3′, R 5′-GCTGAGGGATGCAAGGATAG-3′), respectively. RT-PCR was performed on Applied Bio Systems' 7300 real-time PCR system using the SYBR Green master mix kit (Thermo Scientific) based on manufacturer's instructions. The transcript level of the target gene and actin was measured using the comparative Ct method. Analysis of qPCR data was performed using three independent RNA preparations from separate plant shoots.

STATISTICAL ANALYSIS
--------------------

Data from different experimental sets ware analyzed for statistical significance using an unpaired two-tailed Student's *t*-test (*P* \< 0.01).

RESULTS
=======

IMPACT OF ATMOSPHERIC AND PEDOSPHERIC SULFUR NUTRITION ON GROWTH AND SULFUR CONTENT
-----------------------------------------------------------------------------------

Exposure of *B. juncea* and *B. rapa* to 0.25 μl l^-1^ H~2~S and 0.25 μl l^-1^ SO~2~ for 7 days did not significantly affect plant biomass production, shoot to root ratio, and dry matter content (DMC) of shoots and roots at sulfate-sufficient conditions (**Table [1](#T1){ref-type="table"}**). In addition, H~2~S exposure did not affect the total sulfur, sulfate, and organic sulfur content of the shoots and roots of both species (**Figure [1](#F1){ref-type="fig"}**). Moreover SO~2~ exposure also did not affect the sulfur, sulfate, and organic sulfur content of both shoots and roots of *B. juncea*. In *B. rapa*, however, SO~2~ exposure resulted in a slight but significant increase in total sulfur content of the shoot, which could be attributed to an increase in the sulfate content, whereas the sulfur content of the root remained unaffected. Furthermore the organic sulfur content was hardly affected by the exposure of *B. rapa* to SO~2~ in sulfate-sufficient conditions in both shoots and roots (**Figure [1](#F1){ref-type="fig"}**).

###### 

Impact of H~2~S, SO~2~ and sulfate deprivation on biomass production and dry matter content (DMC) of shoots and roots of *B. juncea* and *B. rapa*.

                             +S              +S + H~2~S     +S + SO~2~      -S              -S + H~2~S      -S + SO~2~
  -------------------------- --------------- -------------- --------------- --------------- --------------- --------------
  ***B. juncea***                                                                                           
  Shoot biomass production   0.71 ± 0.18a    0.75 ± 0.27a   0.65 ± 0.19a    0.34 ± 0.08b    0.66 ± 0.10a    0.71 ± 0.17a
  Root biomass production    0.14 ± 0.05c    0.13 ± 0.04c   0.13 ± 0.05c    0.16 ± 0.06bc   0.20 ± 0.05ab   0.23 ± 0.09a
  Shoot DMC                  10.4 ± 1.1a     9.8 ± 0.8a     10.4 ± 1.1a     11.3 ± 1.1a     9.7 ± 0.6a      10.0 ± 0.5a
  Root DMC                   8.9 ± 0.7a      7.9 ± 1.7ab    8.1 ± 1.3a      6.1 ± 1.0b      6.8 ± 0.7b      5.8 ± 0.8b
  Shoot/root ratio           5.3 ± 0.7a      5.7 ± 1.2a     5.2 ± 0.9a      2.2 ± 0.5c      3.9 ± 0.6b      3.0 ± 0.6bc
  ***B. rapa***                                                                                             
  Shoot biomass production   1.14 ± 0.28a    1.07 ± 0.27a   0.90 ± 0.26ab   0.37 ± 0.17c    0.74 ± 0.30b    0.78 ± 0.22b
  Root biomass production    0.19 ± 0.06ab   0.16 ± 0.05b   0.15 ± 0.04b    0.13 ± 0.06c    0.19 ± 0.07ab   0.23 ± 0.08a
  Shoot DMC                  9.5 ± 0.5b      9.3 ± 0.6b     9.8 ± 0.4b      11.7 ± 1.2a     9.6 ± 0.8b      9.8 ± 0.7ab
  Root DMC                   7.2 ± 1.4a      7.8 ± 1.3a     7.3 ± 0.8a      8.2 ± 2.3a      7.5 ± 1.1a      7.2 ± 0.6a
  Shoot/root ratio           6.0 ± 1.0a      7.0 ± 1.2a     6.2 ± 0.5a      2.9 ± 0.8c      4.0 ± 0.8bc     3.5 ± 0.6bc

Ten day-old seedlings were grown on a 25% Hoagland solution containing 0.5 mM sulfate for 3 days and subsequently transferred to fresh 25% Hoagland solution at 0 (--S) or 0.5 mM sulfate (+S) and exposed to 0.25 μl l
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for 7 days. The initial fresh weight of shoots and roots in B. juncea were 0.042 ± 0.008 g and 0.022 ± 0.003 g, respectively. The initial fresh weight of shoots and roots in B. rapa were 0.066 ± 0.025 g and 0.021 ± 0.003 g, respectively. Data on biomass production (g FW), shoot/root ratio and DMC (%) represent the mean of four independent experiments with three measurements with six to nine plants in each (±SD). Different letters indicate significant differences between treatments (P \< 0.01, Student's t-test).

![**Impact of H~2~S, SO~2~ and sulfate deprivation on total sulfur, sulfate and organic sulfur content of shoots and roots of *B. juncea* and *B. rapa*.** For experimental details, see legends of **Table [1](#T1){ref-type="table"}**. The sulfate and organic sulfur fraction is presented in gray and white, respectively. Data represent the mean of two experiments with three measurements with six to nine plants in each (±SD). Different letters indicate significant differences between treatments (*P* \< 0.01, Student's *t*-test).](fpls-05-00704-g001){#F1}

Sulfate deprivation resulted in a decreased biomass production of *B. juncea* and *B. rapa* (**Table [1](#T1){ref-type="table"}**). However, shoot growth was more affected than root growth, resulting in a decrease on the shoot to root ratio upon sulfate deprivation. A 7-day sulfate deprivation resulted in 53 and 68% decreases of shoot biomass production of *B. juncea* and *B. rapa*, respectively. The root biomass production of *B. juncea* was not affected and that of *B. rapa* was reduced by 32%. The DMC of the shoot of *B. juncea* was not affected by sulfate deprivation, but that of the root was decreased (**Table [1](#T1){ref-type="table"}**). However, the DMC of the shoot of *B. rapa* was significantly increased, whereas that of the root was hardly affected (**Table [1](#T1){ref-type="table"}**). Sulfate deprivation resulted in strongly decreased total sulfur, sulfate, and organic sulfur contents of shoots and roots of both species (**Figure [1](#F1){ref-type="fig"}**). In particular, the proportion of sulfate was diminished and utilized for the synthesis for organic sulfur compounds (**Figure [1](#F1){ref-type="fig"}**).

Exposure of plants to 0.25 μl l^-1^ H~2~S and SO~2~ alleviated either fully (*B. juncea*) or largely (*B. rapa*) the decrease in shoot biomass production upon sulfate-deprivation, demonstrating that the foliarly absorbed sulfur gases replaced sulfate taken up by the root as a sulfur source for growth. However, the root biomass production of H~2~S and SO~2~ exposed sulfate-deprived plants was even higher than that of plants at sulfate-sufficient conditions (**Table [1](#T1){ref-type="table"}**). As a consequence, the shoot to root ratio was lower for sulfate-deprived H~2~S and SO~2~ exposed plants than that of sulfate-sufficient plants. The shoot DMC of *B. juncea* for sulfate-deprived plants was hardly affected by H~2~S and SO~2~ exposure and was quite similar to that of sulfate-sufficient plants (**Table [1](#T1){ref-type="table"}**). The DMC of the root sulfate-deprived H~2~S and SO~2~ exposed plants remained lower than that of sulfate-sufficient plants. The DMC of the shoots and roots of sulfate-deprived *B. rapa* was only slightly affected by H~2~S and SO~2~ exposure and was quite similar to that of sulfate-sufficient plants (**Table [1](#T1){ref-type="table"}**).

Both H~2~S and SO~2~ exposure of sulfate-deprived *B. juncea* and *B. rapa* resulted in an increase in total sulfur and organic sulfur content of both shoots and roots (**Figure [1](#F1){ref-type="fig"}**) however the overall total sulfur content was almost threefold and 2.5-fold lower than that observed for sulfate-sufficient *B. juncea* and *B. rapa*, respectively. The low total sulfur content could only in part be ascribed to a low apparent sulfate content upon sulfate-deprivation.

IMPACT OF ATMOSPHERIC AND PEDOSPHERIC SULFUR NUTRITION ON GLUCOSINOLATE CONTENT
-------------------------------------------------------------------------------

There were considerable differences in the content of glucosinolates of shoots of *B. juncea* and *B. rapa* seedlings. The glucosinolate content of the shoot of *B. juncea* was twofold higher than that in the shoot of *B. rapa*, expressed either on a fresh weight basis and or relative to organic sulfur (**Figure [2](#F2){ref-type="fig"}**). However, the glucosinolate content of the roots of both *Brassica* species was quite similar. Neither H~2~S and SO~2~ exposure affected the glucosinolate content of shoots and roots of *B. juncea* and *B. rapa*, expressed either on a fresh weight or organic sulfur basis (**Figure [2](#F2){ref-type="fig"}**).

![**Impact of H~2~S, SO~2~ and sulfate deprivation on glucosinolate content of shoots and roots of *B. juncea* and *B. rapa*.** For experimental details, see legends of **Table [1](#T1){ref-type="table"}**. Data represent the mean of two experiments with three measurements with nine plants in each (±SD). Different letters indicate significant differences between treatments (*P* \< 0.01, Student's *t*-test).](fpls-05-00704-g002){#F2}

A 7-day sulfate deprivation resulted in 50% decrease in the glucosinolate content of both shoots and roots of *B. juncea* and a 20 and 45% decrease in content of the shoots and roots of *B. rapa*, respectively (**Figure [2](#F2){ref-type="fig"}**). H~2~S and SO~2~ exposure of sulfate-deprived plants alleviated almost fully the decrease in glucosinolate contents of shoot and roots of *B. rapa*, and their contents were quite similar (except that of the roots of sulfate-deprived SO~2~-exposed plants) to that of sulfate-sufficient plants (**Figure [2](#F2){ref-type="fig"}**). H~2~S and SO~2~ exposure of sulfate-deprived *B. juncea* also resulted in a higher glucosinolate content of both shoots and roots. However, their contents were significantly lower than that observed in sulfate-sufficient plants (**Figure [2](#F2){ref-type="fig"}**). On an organic sulfur basis, however, the glucosinolate content of shoots and roots of sulfate-deprived of *B. juncea* and *B. rapa*, both in absence and presence of H~2~S or SO~2~, was always higher than that observed in sulfate-sufficient plants (**Figure [2](#F2){ref-type="fig"}**). This indicated that proportionally, the content of other organic sulfur compounds (e.g., proteins), was more affected by sulfate deprivation than that of the glucosinolates, even in presence of foliarly absorbed H~2~S or SO~2~ as alternative sulfur sources for growth.

IMPACT OF ATMOSPHERIC AND PEDOSPHERIC SULFUR NUTRITION ON THE ACTIVITY AND EXPRESSION OF MYROSINASE
---------------------------------------------------------------------------------------------------

There were considerable differences in the activity of myrosinase in shoots and roots of *B. juncea* and *B. rapa* seedlings (**Table [2](#T2){ref-type="table"}**). Both shoots and roots of *B. juncea* were characterized by a high myrosinase activity. *B. rapa,* however, was characterized by very low and hardly detectible myrosinase activity in the shoot and high activity in the root, the latter being quite similar to that observed in *B. juncea*. If glucoberin was used as substrate instead of sinigrin, comparable myrosinase activities were observed (data not presented). This demonstrated that the differences in activity of this enzyme in the shoots of *B. juncea* and *B. rapa* were unlikely to be explained by differences in substrate selectivity. Additionally the transcript level of myrosinase was substantially lower in shoots of *B. rapa* than that of *B. juncea* (**Figure [3](#F3){ref-type="fig"}**). In sulfate-sufficient conditions, H~2~S and SO~2~ exposure did not affect the activities of myrosinase enzyme of shoots and roots of *B. juncea* and *B. rapa* (**Table [2](#T2){ref-type="table"}**) or the expression of the gene in the shoots (**Figure [3](#F3){ref-type="fig"}**).

###### 

Impact of H~2~S, SO~2~ and sulfate deprivation on myrosinase activity and water-soluble protein content of shoots and roots of *B. juncea* and *B. rapa*. For experimental details see legends of **Table [1](#T1){ref-type="table"}**.

                             +S              +S+ H~2~S      +S+ SO~2~       -S             -S+ H~2~S      -S+ SO~2~
  -------------------------- --------------- -------------- --------------- -------------- -------------- ---------------
  ***B. juncea***                                                                                         
  **Shoot**                                                                                               
  Myrosinase activity        0.31 ± 0.03ab   0.28 ± 0.01b   0.34 ± 0.03ab   0.37 ± 0.02a   0.36 ± 0.02a   0.38 ± 0.02a
  Soluble proteins content   13.5 ± 1.7a     12.9 ± 1.8a    13.7 ± 1.2a     9.5 ± 1.0b     12.1 ± 1.3a    12.5 ± 1.6a
  **Root**                                                                                                
  Myrosinase activity        0.34 ± 0.07a    0.27 ± 0.04a   0.26 ± 0.06a    0.10 ± 0.01b   0.07 ± 0.01c   0.11 ± 0.03bc
  Soluble proteins content   4.1 ± 0.5a      4.2 ± 1.0a     3.7 ± 0.9a      1.1 ± 0.1c     2.3 ± 0.4b     2.7 ± 0.48ab
  ***B. rapa***                                                                                           
  **Shoot**                                                                                               
  Myrosinase activity        \<0.01a         \<.0.01a       \<0.01a         \<0.01a        \<0.01a        \<0.01a
  Soluble proteins content   11.4 ± 1.3a     12.6 ± 2.1a    11.8 ± 1.0a     8.6 ± 0.5b     10.5 ± 0.6a    11.6 ± 1.4a
  **Root**                                                                                                
  Myrosinase activity        0.42 ± 0.03a    0.48 ± 0.07a   0.40 ± 0.03a    0.14 ± 0.01b   0.12 ± 0.02b   0.13 ± 0.02b
  Soluble proteins content   4.2 ± 0.3a      4.9 ± 1.1ab    4.3 ± 0.7ac     1.2 ± 0.1d     2.5 ± 0.2bc    3.0 ± 0.1b

For experimental details see legends of
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![**Impact of H~2~S, SO~2~ and sulfate deprivation on transcript levels of myrosinase in shoots of *B. juncea* and *B. rapa.*** For experimental details, see legends of **Table [1](#T1){ref-type="table"}**. Relative gene expression of myrosinase was determined by qRT-PCR and the mRNA levels were compared to actin. Data on relative expression in each treatment represent the mean of three measurements with three shoots in each (±SD). Different letters indicate significant differences between treatments (*P* \< 0.01, Student's *t*-test).](fpls-05-00704-g003){#F3}

A 7-day sulfate deprivation resulted in a decrease in myrosinase activity in roots of *B. juncea* and *B. rapa* (expressed on a fresh weight basis), while activity in the shoot of *B. juncea* was not affected (**Table [2](#T2){ref-type="table"}**). However, the transcript levels of myrosinase in shoots of both *B. juncea* and *B. rapa* were decreased upon sulfate deprivation (**Figure [3](#F3){ref-type="fig"}**). Sulfate deprivation resulted in a decrease in soluble protein content of shoots and roots of both species (**Table [2](#T2){ref-type="table"}**). If the myrosinase activity in the roots of both species was expressed on a protein basis, then specific activity remained unaffected and was around 90 nmol mg^-1^ protein min^-1^, whereas in the shoot of *B. juncea* its activity increased from 23 in sulfate-sufficient to 39 nmol mg^-1^ protein min^-1^ in sulfate-deprived plants. Exposure of sulfate-deprived plants to H~2~S or SO~2~ resulted in an increase in soluble protein content, although it hardly affected the myrosinase activity in shoots and roots of *B. juncea* and *B. rapa* (expressed on a fresh weight basis; **Table [2](#T2){ref-type="table"}**). H~2~S or SO~2~ exposure of sulfate-deprived plants did not affect the myrosinase transcript level in the shoot of *B. juncea*, whereas it was increased in the shoot of *B. rapa* (**Figure [3](#F3){ref-type="fig"}**).

DISCUSSION
==========

Brassicaceae are fast growing species characterized by a relatively high sulfur requirement ([@B64]; [@B16]; [@B68],[@B69]). Under the experimental conditions used here, *B. juncea* and *B. rapa* seedlings had a relative growth rate of 36.9 and 38.6% day^-1^ and a plant sulfur content of 33.4 and 29.4 μmol g^-1^ fresh weight (340 and 272 μmol g^-1^ dry weight), respectively (data derived from **Table [1](#T1){ref-type="table"}**; **Figure [1](#F1){ref-type="fig"}**). Seedlings of Brassicaceae are often characterized by a relatively high ratio of sulfate to organic sulfur. For instance, in *B. oleracea* the sulfate content may account for more than 80% of the total sulfur in the shoot ([@B65]; [@B16]; [@B68],[@B69]). The sulfate content accounted for 60 and 50% of total sulfur in the shoots and roots of *B. juncea*, and for 55 and 43% in shoots and roots of *B. rapa*, respectively. *Brassica* species are also characterized by a relatively high content of secondary sulfur compounds, viz. glucosinolates, which strongly varies between species, and may in seedlings account for 10 to 23% of the organic sulfur fraction ([@B15]). The glucosinolates content of the shoot of *B. juncea* was twofold higher than that in the shoot of *B. rapa* and accounted for up to 30% of the organic sulfur fraction (on the basis of 3 S groups per molecule), presuming that the aliphatic glucosinolates are the major secondary sulfur compounds present in *Brassica* ([@B50]; [@B62]; [@B14]). In the root, content appeared to be quite similar in both species, where it accounted for 15% of the organic sulfur fraction.

Atmospheric sulfur gases, viz. SO~2~ and H~2~S, may be taken up by the plant shoot and used as a sulfur source for growth ([@B18]). The foliar uptake of SO~2~ is determined by its chemical/physical properties, viz. rapid dissociation in the water of the mesophyll apoplast, which is beyond regulatory control ([@B18]). The foliar uptake of H~2~S, however, is largely determined by the rate of metabolism in the shoot ([@B18]). Exposure of *B. juncea* and *B. rapa* to 0.25 μl l^-1^ SO~2~ and H~2~S hardly affected the total sulfur content of both species. There was only a slight increase in the shoot total sulfur content of SO~2~-exposed *B. rapa*, which could be attributed to an enhanced sulfate content. However, it was evident that at this atmospheric sulfur concentration of SO~2~ and H~2~S, plants were able to take up sufficient sulfur by the shoot to fully cover their organic sulfur requirement for plant growth. Since, the decrease in biomass production upon sulfate-deprivation was completely alleviated by SO~2~ and H~2~S exposure. Similarly to previous observations, sulfate-deprived plants invested relatively more biomass in their roots than those grown under sulfate-sufficient conditions, even upon SO~2~ and H~2~S exposure ([@B13]; [@B68]; [@B49]; [@B57]).

In greenhouse and field experiments involving soil, hydroponic, and tissue culture media, sulfur fertilization generally resulted in an increased glucosinolate content of *Brassica* ([@B31]). However, SO~2~ and H~2~S exposure of *B. juncea* and *B. rapa* seedlings did not affect the glucosinolate content of the shoots and roots, either expressed on fresh weight or organic sulfur basis. This demonstrated that these sulfur compounds did not form a sink for excessive supplied atmospheric sulfur. SO~2~ and H~2~S exposure of *Brassica* generally resulted in enhanced levels of water-soluble, non-protein thiol compounds in the shoot ([@B22]; [@B64]; [@B13]; [@B68]; [@B49]; [@B57]), which could be ascribed to an accumulation of cysteine and glutathione ([@B22]; [@B18]). Apparently, an enhanced availability of these thiol compounds, which also function as reduced sulfur donors in the synthesis of glucosinolates ([@B55], [@B56]; [@B39]; [@B31]) did not affect the rate of synthesis of these secondary sulfur compounds in the shoot. *Allium* species (e.g., onion, garlic, leek) also contain secondary sulfur compounds viz. γ-glutamyl peptides and allins, which are synthesized from cysteine, via γ-glutamylcysteine or glutathione. In contrast to observations with glucosinolates, in *Brassica* the content of these secondary sulfur compounds, their precursors and/or degradation products were strongly enhanced in shoots of H~2~S-exposed *Allium* ([@B25], [@B26]; [@B28]). SO~2~ exposure, however, hardly affected the levels of these secondary sulfur compounds in *Allium* ([@B28]).

Exposure of *Brassica* to H~2~S resulted in a strong decrease in expression, in protein level and in enzyme activity of APS reductase in the shoot ([@B66],[@B65], [@B64],[@B63]; [@B27]; [@B49]; [@B57]). Evidently, a down-regulation of APS reductase, the key enzyme controlling the flux through the sulfate reduction pathway, did not affect the synthesis of glucosinolates via the channeling of the APS through the APS kinase/sulfotransferase pathway. The latter is essential for the synthesis of the sulfated moiety of the glucosinolates ([@B48]). This demonstrated that the synthesis of glucosinolates in the shoot of *Brassica* seedlings was under strict regulatory control and was not affected by an excess supply of foliarly absorbed sulfur, irrespective of the differences in content of these secondary sulfur compounds between *B. juncea* and *B. rapa*.

Sulfate deprivation resulted in a strong decrease in the total sulfur content of shoots and roots of *B. juncea* and *B. rapa*, which was for the greater part due to a decrease in sulfate content. It has been observed that in *Arabidopsis* sulfur deficiency resulted in a repression of the glucosinolate biosynthesis genes ([@B41]). There was also a strong decrease in the glucosinolate content of both shoots and roots of *B. juncea* and *B. rapa* upon sulfate deprivation. However, the decrease in glucosinolate content was lower than that of the other organic sulfur compounds, resulting in an increase in its content expressed on organic sulfur basis. Sulfur in proteins generally accounts for more than 80% of the organic sulfur content ([@B58]). Apparently, sulfate deprivation had a higher impact on the proportion of sulfur in proteins in *Brassica* than the other organic sulfur compounds viz. glucosinolates. It has been observed that in shoots, sulfate deprivation resulted in a degradation of Rubisco, which proportion may account for 25--60% of the soluble proteins in photosynthetic tissue ([@B33]; [@B35]). The proportion of sulfur in the glucosinolates in both shoots and roots of *B. juncea* and *B. rapa* in sulfate-deprived plants exceeded 50% of the total organic sulfur fraction (on the basis of 3 S groups per molecule). These results indicated that glucosinolates cannot be considered as sulfur storage compounds and they were not utilized in the re-distribution of sulfur in *B. juncea* and *B. rapa* seedlings upon sulfate deprivation.

SO~2~ and H~2~S exposure resulted in an increase in total sulfur content of shoots and roots of the two *Brassica* species upon sulfate deprivation, which was mainly due to an increase in the organic sulfur fraction. Likewise, there was an increase in glucosinolate content, though the levels were always lower than that of sulfate-sufficient plants. However, on an organic sulfur basis, the glucosinolate content in both shoots and roots was substantially higher than that observed in sulfate-sufficient plants upon SO~2~ and H~2~S exposure. Apparently in sulfate-deprived conditions, a relatively greater proportion of atmospheric sulfur taken up by the shoot was used for the synthesis of glucosinolates than that of other organic sulfur compounds, e.g., proteins. Roots of sulfate-deprived plants depended on sulfur transported form shoot to root upon exposure to SO~2~ and H~2~S, although in which form the sulfur was transported from shoot to root under these conditions remains unknown. Organic sulfur may be transported in the phloem from source to sink, e.g., from shoot to root in different forms, viz. glutathione, *S*-methylmethionine or as glucosinolates ([@B12]; [@B9]; [@B36]; [@B53]).

Glucosinolates may be involved in plant defense against pathogens and herbivory ([@B8]; [@B10]; [@B36]; [@B4]; [@B34]; [@B54]) and is dependent upon breakdown activated by tissue damage and catalyzed by myrosinase ([@B8]; [@B36]; [@B17]; [@B46]; [@B47]; [@B1]). Moreover, it has been suggested that myrosinase might have significance in the redistribution of sulfur in plants under sulfur-deprived conditions ([@B55]; [@B42], [@B41]; [@B5]; [@B31]).

There was a direct relation between the content of glucosinolates and the transcript level and activity of myrosinase in the shoot of *B. juncea* and *B. rapa*. Both low glucosinolate content and a low transcript level of myrosinase and activity of this enzyme characterized the shoot of the latter species. Even though myrosinase activity was decreased in both roots of sulfate-deprived *B. juncea* and *B. rapa*, SO~2~ and H~2~S exposure hardly affected the activity in shoots and roots under either sulfate-sufficient or sulfate-deprived conditions, despite an increase in glucosinolate content upon exposure in sulfate-deprived plants. There was apparently no direct co-regulation between the content of glucosinolates and the activity of myrosinase. From the current observation that the sulfur of glucosinolates was hardly re-distributed upon sulfate deprivation, the significance of myrosinase in the *in situ* turnover of these secondary sulfur compounds needs to be questioned.
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